Rationale Memantine is a N-methyl-D-aspartic acid receptor (NMDAR) channel blocker that binds to dizocilpine sites and appears well tolerated during chronic use. Published studies suggest NMDAR antagonists prevent development of tolerance to effects of morphine by blocking NMDAR hyperactivation. Objectives We sought to compare effects of memantine to those of the more frequently studied dizocilpine and to evaluate memantine as a potential adjunct to modify tolerance to mu-opioid receptor agonists. Methods Sprague-Dawley rats were trained to discriminate morphine (3.2 mg/kg) and saline under fixed ratio 15 schedules of food delivery. Potency and maximal stimulus or ratealtering effects of cumulative doses of morphine were examined 30 min after pretreatment with dizocilpine (0.032-0.1 mg/kg) or memantine (5-10 mg/kg) and after chronic treatment with combinations of dizocilpine or memantine and morphine, 10 mg/kg twice daily, for 6 to 14 days. Effects of dizocilpine or memantine on morphine antinociception were examined in a 55°C water tail-withdrawal assay with drug treatments parallel to those in discrimination studies. Results Acutely, memantine attenuated while dizocilpine potentiated the stimulus and antinociceptive effects of morphine. Neither chronic dizocilpine nor memantine blocked tolerance to the stimulus effects of morphine. In contrast, combined treatment with dizocilpine (0.1 mg/kg) blocked tolerance to antinociceptive effects of lower (0.1~3.2 mg/kg) but not higher doses of morphine, whereas memantine did not block tolerance. Conclusions Memantine and dizocilpine interacted differently with morphine, possibly due to different NMDAR binding profiles. The lack of memantine-induced changes in morphine tolerance suggests that memantine may not be a useful adjunct in chronic pain management.
Introduction
Competitive, noncompetitive and glycine site N-methyl-Daspartic acid receptor (NMDAR) antagonists block development of tolerance or reverse an established tolerance to antinociceptive effects of mu-opioid receptor (MOR) agonists (for reviews, see Elliott et al. 1995; Herman et al. 1995; Trujillo 1995) , at doses that have no effect on pain responsiveness. Such blockade of tolerance is assumed to be mediated through blockade of NMDAR hyperactivation rather than through changes in antinociceptive effects of MOR agonists themselves. Indeed, acute administration of MOR agonists can cause sustained increases in NMDARmediated current (Chen and Huang 1991; Martin et al. 1997; Narita et al. 2008) , and such potentiation is enhanced after repeated MOR agonist treatment (Kow et al. 2002) . MORs and NMDARs are co-localized in several brain regions, including frontal cortex, nucleus accumbens, hippocampus, amygdala, thalamus, periaqueductal gray (PAG), and spinal cord (Commons et al. 1999; Gracy et al. 1997; Mao et al. 1995; Milner and Drake 2001; Narita et al. 2008; Radley et al. 2007; Xie et al. 1992) . In these regions, at least three MOR-NMDAR interactions exist: (1) presynaptic modulation of glutamate release Hao et al. 2005; Terman et al. 2001) , (2) postsynaptic interaction on the same neuron via protein kinase C (Ghelardini et al. 2007; Narita et al. 2008) , or (3) disinhibition of postsynaptic NMDAR-containing neurons by reduced presynaptic release of gamma-aminobutyric acid (GABA) from GABAergic terminals (Milner and Drake 2001) . Each interaction could lead to hyperactivation of NMDARs and subsequent neural plasticity (Trujillo 2000) , yielding the intriguing possibility that NMDAR antagonists may alter development of tolerance and function as adjuvant drugs in chronic pain treatment (Chevlen 2000; Katz 2000; Lossignol et al. 2005 ; but see Dudgeon et al. 2007; Galer et al. 2005) . However, this possibility is complicated by side effects of high-affinity NMDAR antagonists, which include ataxia, cognitive impairment, and psychotomimetic actions (Rogawski and Wenk 2003) .
Memantine is an uncompetitive NMDAR antagonist binding to a site close to the magnesium binding site in the channel (Chen and Lipton 1997; Chen et al. 1992) . It has been used clinically for more than 20 years (Parsons et al. 1999) and in 2000 was approved in the USA for symptom management in moderate and severe Alzheimer's disease. Unlike uncompetitive NMDAR antagonists such as dizocilpine, memantine is well tolerated, possibly due to its strong voltage dependency, fast unblocking, and partial trapping kinetics (Danysz and Parsons 2003; Rogawski and Wenk 2003) . Because potencies of phencyclidine and dizocilpine to inhibit morphine tolerance correspond to their relative affinities at NMDARs (Trujillo and Akil 1994) , memantine, which is also thought to act at NMDARs, might block tolerance to morphine. Therefore, we examined the acute and chronic effects of memantine on tolerance to morphineinduced antinociception and compared these effects with those of the most commonly studied uncompetitive NMDAR antagonist, dizocilpine, in a warm-water tailwithdrawal assay.
Chronic treatment with MOR agonists can be accompanied by tolerance to some of their effects (e.g., antinociception) and sensitization to others (e.g., increased velocity of locomotion). Moreover, tolerance to different effects does not necessarily develop in parallel (see Brady and Holtzman 1981; Colpaert et al. 1976; Sannerud and Young 1987) . Therefore, NMDAR antagonists might alter tolerance to different effects of MOR agonists differently. To determine whether NMDAR antagonist-induced changes in tolerance to morphine-induced antinociception would predict changes in tolerance to stimulus and rate-altering effects of morphine, we also compared the acute and chronic effects of memantine with those of dizocilpine in rats trained to discriminate 3.2 mg/kg morphine from saline in a twolever drug discrimination procedure. The timing of acute doses and chronic treatment conditions were identical in both studies, using a treatment regimen previously shown to yield tolerance to both discriminative and antinociceptive effects of morphine (Walker and Young 2001; Young 1991) .
Methods and materials
Subjects Male Sprague-Dawley rats (N090 for antinociception experiments and 45 for stimulus control experiments) were housed individually in suspended stainless steel wiremesh cages under a 12-h light/dark cycle with food (LabDiet®, PMI Nutrition International, LCC, Brentwood, MO) and water provided ad libitum. All rats were allowed to grow to 330-380 g and then fed 16-18 g of LabDiet® rodent chow daily to maintain the weights. All animal procedures were carried out in compliance with the guidelines of the Texas Tech University Health Sciences Center Institutional Animal Care and Use Committee and the 1996 Guide for Care and Use of Laboratory Animals (Institute of Laboratory Animal Resources on Life Sciences, National Research Council, National Academy of Sciences; http:// www.nap.edu/readingroom/books/labrats/).
Antinociceptive effects of morphine
Apparatus A week before the initiation of studies, rats were trained to lie in rodent restraint tubes (Harvard Apparatus) in an environmentally controlled room. Water with appropriate temperature was made by mixing hot water (80°C) from a water bath (Model 182, Precision Scientific Inc.) and room temperature tap water in an insulated mug, with temperatures measured by thermocouple (Model BAT-12, Sensortek Inc.). The latency of removing tails from the water bath was measured by a digital stopwatch (Fisher Scientific Inc.) .
Tail-withdrawal procedure Antinociceptive effects of morphine were tested in a tail-withdrawal procedure. Briefly, latencies with which rats removed tails from 55°C water were measured 15 min after each cumulative dose of morphine until the tail remained in the water longer than 15 s (a latency recorded as 15 s), the solubility limit of morphine was reached, or another behavior (i.e., convulsions) interfered with measurement. Other details were as described in (Walker and Young 2001) except that latency in 40°C water was measured only three times prior to the first presentation of 55°C water (85 % of rats did not remove tails within 15 s on two presentations and therefore qualified for tests), and testing periods lasted 5 min. Morphine tests were conducted no more often than every 7 days. Each rat received at least three morphine tests and one test of repeated saline injections before exposure to any NMDAR antagonist.
Antinociceptive effects of dizocilpine or memantine, alone and in combination with morphine
To test if an NMDAR antagonist itself induced antinociception, separate groups of rats were tested with cumulative doses of dizocilpine or memantine, with doses chosen to increase the total dose by 0.25 or 0.5 log 10 . To assess effects of NMDAR antagonist pretreatment, different groups of rats received antagonist 30 min before tests (Grass et al. 1996; Kozela et al. 2001) , followed by cumulative doses of morphine.
Effects of dizocilpine and memantine on development and expression of tolerance to antinociceptive effects of morphine Rats were tested with cumulative doses of morphine, ranked by sensitivity, and assigned to different treatment groups in rank order so that all groups contained the full range of initial sensitivities to morphine. Different groups of rats received different chronic drug treatments, as shown in Table 1 , and tests of cumulative doses of morphine were given 12 h after treatment. To assess effects of NMDAR antagonists on expression of tolerance, rats received either saline or an appropriate dose of NMDAR antagonist 30 min before tests. A schematic of the treatment and testing schedule is shown in Fig. 1 .
Discriminative stimulus effects of morphine
Apparatus Experiments were conducted in operant conditioning chambers (Med Associates Inc. St. Albans, VT) housed in ventilated, sound-attenuating cubicles. On one wall of each chamber, two retractable response levers were mounted 6.0 cm above the floor. A stimulus lamp was mounted above each lever, and a recessed food receptacle was located between the levers. A houselight and two inactive nose-poke holes were located on the opposite wall. Food pellets (45 mg, TestDiet™, Richmond, IN) were delivered by a pellet dispenser located outside the chamber.
Drug discrimination procedure Saline and 3.2 mg/kg morphine were established as discriminative stimulus under a fixed ratio 15 schedule of food delivery using training and testing procedures as described by Walker et al. (1994) , except that training sessions consisted of one 10-min timeout and a 15-min ratio component. Tests of morphine alone were conducted until rats displayed consistent morphine sensitivity, as assessed by less than 0.25 log 10 change in the morphine dose necessary for stimulus control. Then the following experiments were conducted.
Stimulus effects of dizocilpine or memantine, alone and in combination with morphine
To determine whether NMDAR antagonists mimicked the stimulus effects of morphine, rats were tested with cumulative doses of dizocilpine or memantine. To assess effects of NMDAR antagonists pretreatment, rats received NMDAR antagonist 30 min before a test of morphine.
Effects of dizocilpine or memantine on development and expression of tolerance to stimulus effects of morphine To assess effects of NMDAR antagonists on development and expression of tolerance, training was suspended and the Treatments were given twice daily at a 10-to 14-h interval for 1 or 2 weeks. Each treatment comprised two injections, 30 min apart. All groups received saline (SAL) under the same injection regimen for another 2 weeks to assess recovery NMDAR antgt. NMDAR antagonist (0.032 or 0.1 mg/kg of dizocilpine; 7.5 or 10 mg/kg of memantine), MS 10 mg/kg of morphine same rats received chronic drug treatment (Table 1) followed by tests of morphine, accompanied by saline or NMDAR antagonist pretreatment ( Fig. 1) . To minimize the number of rats used, rats received one to four cycles of chronic treatment at 2-month intervals. Treatment order was counterbalanced as much as possible.
Drugs Morphine sulfate (National Institution on Drug Abuse, Rockville, MD), dizocilpine maleate, and memantine hydrochloride (Sigma-Aldrich) were dissolved in physiological saline so that each subcutaneous injection was administered in a volume of 0.1 ml/100 g body weight into the dorsal flank.
Data analysis Latencies for tail withdrawal were converted into percent possible maximal effect (MPE) by the formula:
Control latencies were measured at the first 55°C presentation in each test. Dose-response curves were fitted to data from all rats using the semilogarithmic form of the logistic dose-response equation:
where E is %MPE, E min and E max are the minimum and maximum of the sigmoid dose-response curve, A is dose (in milligrams per kilogram), ED 50 is the dose causing 50 % maximal effect, and h is the Hill slope. For drug discrimination experiments, the percentage of responses on the morphine-paired lever was fit to sigmoidal dose-response curves using the above equation, in which E min and E max were set at zero and 100. Only data from trials in which more than two reinforcers were obtained were included in these curves. Response rates (responses/s) from all trials were used to fit dose-response curves using the following nonlinear regression model (E min was set at zero):
Data analyses were conducted with GraphPad Prism (version 5 for Windows, GraphPad Software, San Diego, CA). Differences among curves (within group, before and after treatment) were analyzed by simultaneously fitting curves to the individual dose-response data using above regression models; slopes and logED 50 values were compared by F test, with P<0.05. The preferred values were used as control values to calculate tolerance ratios (ED 50 (after) /ED 50 (before) ) and 95 % confidence intervals for each group, using the built-in EC 50 shift model in GraphPad Prism. Differences between groups were indicated by confidence intervals that did not overlap.
Results

Antinociceptive effects of morphine
Antinociceptive effects of dizocilpine or memantine, alone and in combination with morphine All rats received multiple tests of morphine and of repeated saline injections before any interaction tests. The sensitivity to morphine decreased 2-fold across the first four tests and remained stable thereafter. Repeated saline injections did not induce antinociception (data not shown). Acute pretreatment with 0.1 mg/kg dizocilpine decreased the morphine ED 50 about 2-fold (F 1, 72 042.8; P<0.0001; Fig. 2a ). In contrast, acute pretreatment with 10 mg/kg memantine decreased the Hill slope from 2.7 to 1.7 (F 1, 140 04.3; P00.04) and, when curves were fit with a shared slope of 2.0, increased the ED 50 by 1.4-fold (F 1, 140 08.0; P00.005; Fig. 2c ). Lower doses of memantine did not change sensitivity to morphine (7.5 mg/kg; Fig. 2b ; 5 mg/kg, not shown). Dizocilpine or memantine alone, at doses 2-to 3-fold higher than those tested in combination with morphine, did not produce antinociception (data not shown).
Effects of dizocilpine or memantine on development and expression of tolerance to antinociceptive effects of morphine Twice daily (b.i.d.) treatment with morphine for 1 week produced tolerance to morphine-induced antinociception, such that the morphine ED 50 increased 2.8-fold in dizocilpine experiments and 2.5-fold in memantine experiments ( Fig. 3a, e ; Table 2 ). Two weeks after the end of morphine treatment, ED 50 values recovered by 30 % (data not shown). To our surprise, chronic treatment with dizocilpine and saline also produced 2-fold tolerance to morphine ( Fig. 3c; Table 2 ), which disappeared 1 week after treatment ended (data not shown). Chronic treatment with memantine (10 mg/kg) did not change sensitivity to morphine ( Fig. 3g ; Table 2 ).
Combined treatment with dizocilpine and morphine changed the slope of the morphine dose-effect function (F 1, 66 019.7; P<0.0001; Fig. 4a ). As a result, dizocilpine seemed to block tolerance to lower (0.1~3.2 mg/kg) but not higher doses of morphine. Combined treatment with memantine and morphine did not change tolerance to morphine ( Fig. 4c ; Table 2 ).
To assess the impact of acute pretreatment with dizocilpine or memantine on expression of tolerance, a single dose of either was given before tests of morphine. Tolerance ratios after pretreatment with dizocilpine were smaller than those after pretreatment with saline ( Fig. 3a vs. b and c vs. d; Table 2 ). Thus, 0.1 mg/kg dizocilpine potentiated effects of morphine with or without chronic morphine treatment. Acute pretreatment with dizocilpine blocked expression of tolerance ( Fig. 3b ; Table 2 ), whereas dizocilpine given both chronically with morphine and as an acute pretreatment changed the slope of the morphine dose-effect function; analysis with a shared slope (1.8) suggested that acute dizocilpine blocked expression of tolerance ( Fig. 4b ; Table 2 ). Pretreatment of 10 mg/kg memantine slightly increased tolerance ratios, consistent with its acute effect in the absence of chronic morphine (Figs. 3f and 4d; Table 2 ). Notably, however, acute memantine did not increase the ED 50 of morphine in rats treated chronically with memantine and saline ( Fig. 3h ; Table 2 ), suggesting that rats developed tolerance to memantine itself. To assess this possibility, a lower dose of memantine (7.5 mg/kg) was given chronically and rats were challenged with 10 mg/kg of memantine before the test of morphine. In support of the suggestion that 10 mg/kg memantine induced tolerance to memantine itself, acute memantine did not increase the ED 50 of morphine in rats treated chronically with the lower dose of 7.5 mg/kg and saline. This lower dose of memantine also did not block development of morphine tolerance (Table 2) . Rats received chronic treatments, identified in column titles, b.i.d., for 6 to 7 days, and were tested with cumulative doses of MS in a 55°C water tail-withdrawal assay both before treatment (circles) and 12 h after (squares) the last injection on Day 6 or 7 of treatment; i.e., on Day 7 (D7) or 8 (D8). On test days, rats received saline or an appropriate dose of NMDAR antagonist 30 min before cumulative doses of MS. Other details, as in Fig. 2 . Text in italics identifies the −30-min pretreatment: SAL saline, 0.1 DZ 0.1 mg/kg dizocilpine, 10 MEM 10 mg/kg memantine Discriminative stimulus effects of morphine Stimulus effects of dizocilpine or memantine, alone and in combination with morphine All rats acquired stimulus control; in tests, morphine produced dose-dependent increases in responses on the morphine-appropriate lever and decreases in response rates. Cumulative doses of dizocilpine or memantine evoked responses on only the saline-paired lever and decreased response rates at higher doses (Figs. 5a, b  and 6a, b) . Pretreatment with 0.032 mg/kg dizocilpine potentiated stimulus effects of morphine (ED 50 decreased about 0.6-fold, F 1, 123 012.3; P 00.0006; Fig. 5c ); a higher dose of dizocilpine abolished responses (Fig. 5d) . Acute 10 mg/kg memantine attenuated stimulus effects of morphine (ED 50 increased about 6-fold, F 1, 129 023.9; P<0.0001; Fig. 6e ). Lower doses of memantine (5 mg/kg, data not shown; 7.5 mg/kg; Fig. 6c ) did not change sensitivity to morphine. At low doses of morphine (0.1-1.8 mg/kg), adding memantine (7.5 or 10 mg/kg) suppressed response rates to 50 % of control rates (Fig. 6d, f) .
Effects of dizocilpine or memantine on development and expression of tolerance to stimulus effects of morphine When training was suspended, 1-week treatment with saline and morphine induced tolerance to stimulus effects of morphine (Fig. 7a, b (P<0.0001) , e, f (P<0.0001); Table 3 ). Two weeks after the end of morphine treatment regimens, sensitivity recovered completely (data not shown). Chronic dizocilpine alone did not change potency of morphine (0.1 mg/kg; Fig. 7c, d ; Table 3 ). When the same dose was combined with morphine for chronic treatment, only three rats responded after 7 days of treatment (Fig. 8c, d) ; their ED 50 values did not differ from ED 50 values before treatment (Table 3) . A tolerance ratio could not be calculated because rates were severely decreased. To test whether dizocilpine pretreatment would restore responding and affect expression of tolerance, the same group of rats received chronic morphine treatment for an additional week, followed by acute treatment with 0.1 mg/kg dizocilpine before a second test of morphine. At this test, all rats responded, although at rates less than 50 % of control. When analyzed with a shared slope, the morphine ED 50 increased about 2.3-fold, suggesting 0.1 mg/kg dizocilpine did not block Fig. 8c, d ; Table 3 ). A lower dose of dizocilpine (0.032 mg/kg) exerted less response disruption and did not block development or expression of tolerance ( Fig. 8a, b ; Table 3 ). At a dose of 10 mg/kg, chronic memantine completely suppressed responses when given either alone or with morphine. We therefore decreased the dose to 7.5 mg/kg, which neither changed the morphine ED 50 when given chronically with saline (Fig. 7g, h ) nor blocked development of tolerance (P 00.0001, Fig. 8e ; Table 3 ) when given chronically with morphine. This combination still severely suppressed responses (Fig. 8f) . 
Discussion
Under the conditions studied, acute memantine attenuated antinociceptive and discriminative stimulus effects of morphine, but chronic memantine did not block the development or expression of tolerance to either effect. In contrast, acute dizocilpine potentiated antinociceptive and stimulus effects of morphine. Chronic dizocilpine blocked development of tolerance to antinociceptive effects of low to moderate doses of morphine, and acute dizocilpine blocked expression of tolerance, but chronic dizocilpine did not block tolerance to stimulus effects of morphine. As discussed below, these different effects of memantine and dizocilpine may reflect differences in NMDAR binding profiles. The acute effects of dizocilpine and memantine on morphineinduced antinociception paralleled their effects on morphineinduced stimulus control. Reported effects of NMDAR antagonists on morphine-induced antinociception are inconsistent, with dizocilpine and memantine reported to enhance (Belozertseva et al. 2000; Bryant et al. 2006; Carlezon et al. 2000; Grass et al. 1996; Kozela et al. 2001) , block or attenuate (Craft and Lee 2005; Lutfy et al. 1993; Popik et al. 2000b) , or, for memantine, exert no effect (Kozela et al. 2003; Popik et al. 2000b; Redwine and Trujillo 2003) . Differences across studies could arise from multiple factors (cf. Bryant et al. 2006) . Previous studies used tail-flick assays, whereas the present experiments used a warm water tail-withdrawal assay, in which tail temperature may rise more quickly and in a linear fashion (Le Bars et al. 2001) . At equivalent heat intensity, latency may be shorter in a tail-withdrawal assay than in a tailflick assay. Understanding what, if any, role such differences play in study outcomes requires greater knowledge of controlling relations in the two assays. Moreover, tail flick and tail withdrawal are under supraspinal control (Le Bars et al. 2001) , and MOR-agonist-mediated antinociception in the tail-flick assay involves both spinal and supraspinal sites (Yeung and Rudy 1980a, b) . The effects of acute systemic NMDAR antagonists may arise from complex NMDAR-MOR interactions at the same or different sites in pain pathways. When both agents act in the same site (e.g., spinal cord dorsal horn), activation of MORs leads to NMDAR hyperactivation, thereby inducing hyperalgesia (Mao et al. 1995; Mayer et al. 1999) . Blocking NMDARs at these common sites could potentiate MOR-mediated antinociception. On the other hand, blocking NMDARs at one site of a pain pathway could attenuate antinociception induced by MOR agonists at a different site. For example, microinjection of dizocilpine into the rostral ventromedial medulla (RVM) reduces antinociception elicited by morphine in the ventrolateral PAG (Bodnar 2000; Spinella et al. 1996) . Indeed, this effect of NMDAR antagonists in the RVM is shared by serotonergic antagonists such as methysergide, ritanserin or ICS205930 (Bodnar 2000) . Because memantine, unlike dizocilpine, blocks 5HT3 receptors and NMDARs with similar potency (Rogawski and Wenk 2003) , opposite effects of systemic dizocilpine and memantine may represent net effects arising from their differential distribution or receptor selectivity in multiple sites of pain pathways. Such MOR-NMDAR interactions may also contribute to their opposite effects on the stimulus effects of morphine. Of interest, brain regions such as the ventral tegmental area and PAG are essential to both antinociceptive and stimulus effects of morphine (Bodnar 2000; Inoue et al. 2003; Jacquet 1988; Krivsky et al. 2006; Shoaib and Spanagel 1994) . Psychological mechanisms may also contribute to observed differences. In rats (Carlezon et al. 2000) trained to discriminate the combination of morphine (3.2 mg/kg) and dizocilpine (0.05 mg/kg) from saline, dizocilpine evoked 20~40 % generalization whereas morphine evoked <20 %, suggesting that the combination produced a novel cue that partially generalized to dizocilpine but not morphine. Accordingly, we expected dizocilpine to attenuate the morphine cue. The observed potentiation may have resulted from our use of different relative doses of each drug. Memantine at 10 mg/kg (Fig. 6) but not lower doses (cf. Popik and Danysz 1997 ) did attenuate stimulus effects of morphine. Alternatively, memantine may produce stimulus effects that differ strongly from those of morphine and mask those of lower (0.1~3.2 mg/kg) but not higher doses of morphine (Gauvin and Young 1989) . A study to characterize stimulus control by memantine, alone and in combination with morphine, would be informative.
Impact of chronic pretreatment with dizocilpine or memantine
Memantine and dizocilpine also differed in chronic effects. Dizocilpine is commonly reported to block tolerance to antinociceptive of low doses of morphine (for reviews, see Elliott et al. 1995; Trujillo 1995) . One recent study that used a warm water tail-withdrawal assay, however, reported that dizocilpine facilitates development of tolerance to antinociceptive effects of 7.5 mg/kg morphine (Bryant et al. 2006 ). This study also reported that chronic dizocilpine alone induces tolerance to morphine-induced antinociception, similar to our results (Fig. 3c) . In contrast to dizocilpine, memantine had no effects on tolerance to antinociceptive effects of morphine. Effects of memantine have been studied only in mice, using a tail-flick test (Belozertseva and Bespalov 1998; Popik et al. 2000a) . In both studies, memantine blocked development of tolerance. The differences of these results and ours may have arisen from the aforementioned factors (e.g., nociception test) or from differences in the metrics used to assess tolerance; i.e., use of changes of effects of a single dose of morphine as opposed to changes in ED 50 values. When, as in our study, dose-response curves differ in slope (e.g., morphine alone and morphine +dizocilpine; Fig. 4a ), the interaction demonstrates that, if changes in the effects of single doses of morphine are used to assess tolerance, the choice of morphine dose may decide the observed effects of the NMDAR antagonist. Thus, using changes in ED 50 as the measure of tolerance may provide a better estimate of the effects of NMDAR antagonists. In addition, Allen and Dykstra (2000) found that the competitive NMDAR antagonist LY293558 (0.3 mg/kg) blocks tolerance of a smaller magnitude but only reduces tolerance of a larger magnitude. Similarly, in our study dizocilpine blocked tolerance to low doses of morphine but not higher doses. Additionally, in the current study, unlike many earlier studies, rats were not naïve to high doses of morphine and had demonstrated decreased sensitivity to morphine prior to chronic treatment, yielding a smaller magnitude of tolerance following chronic morphine treatment. However, this difference in tolerance magnitude is unlikely to have caused the lack of memantine effect. Indeed, if memantine does block tolerance to morphine-induced antinociception, its effects should have appeared under conditions that produced only a smaller magnitude of tolerance.
The observed differences in effects of chronic dizocilpine and memantine could result from details of their biophysical interactions with NMDARs. Compared with dizocilpine, memantine has faster association/dissociation rates from NMDAR, its blockade is more voltage dependent, and it is only partially trapped in the channel (for details, see Rogawski and Wenk 2003) . These unique binding properties allow memantine to leave the channel quickly and therefore allow maintenance of ongoing synaptic activities. Dizocilpine, on the other hand, completely shuts down the channel and blocks all synaptic activities. If development of tolerance to antinociceptive effects of MOR agonists is due to hyperactivation of NMDAR by MOR agonists and subsequent neural plasticity (Trujillo 2000) , the fact that memantine can spare synaptic activities required for neural plasticity may underlie its lack of effect on tolerance.
Neither dizocilpine nor memantine blocked tolerance to stimulus effects of morphine. In a similar study by Bespalov et al. (1999) , chronic treatment with the combination of 0.1 mg/kg dizocilpine and 20 mg/kg morphine, which had smaller effects on response rate than our combination, also did not block tolerance to stimulus effects of morphine. It is possible that the neuronal plasticity mediated by NMDARs has a higher threshold for induction in the discriminative stimulus assay than in the nociception assay. As a result, the same treatment regimen may induce a greater magnitude of activation of NMDARs in nociception assays than in discrimination assays. A theoretical characteristic of uncompetitive NMDAR antagonists is use dependence, such that the higher level of activation of NMDARs, the higher the magnitude of antagonist-induced blockade (Huettner and Bean 1988; Rogawski and Wenk 2003) . Such use dependence may explain why the same dose of dizocilpine blocked development of tolerance to morphine-induced antinociception but not tolerance to stimulus effects of morphine.
Summary
Contrary to what we expected, memantine and dizocilpine exerted opposite acute effects on antinociceptive and discriminative stimulus effects of morphine. Their effects on tolerance to morphine-induced antinociceptive and stimulus effects also differed. The different binding profiles of dizocilpine and memantine at NMDARs and in various CNS sites may determine their different acute and chronic interactions with morphine. Moreover, memantine may not be a beneficial adjunct to MOR agonists in chronic pain management, due to a lack of effect on tolerance to morphine antinociception accompanied by disruptive side effects (combinations of morphine and high doses of memantine severely decreased operant responses). Indeed, clinical studies assessing effects of combination of dextromethorphan, another clinically available lowaffinity NMDA channel blocker, and MOR agonists in chronic pain (cancer pain, neuropathic, and other noncancer pain) treatment have yielded conflicting results (Chevlen 2000; Fisher et al. 2000; Katz 2000; Weinbroum et al. 2000) . More recent double-blinded, parallel group or placebo-controlled studies have shown that the combination does not add benefit in terms of efficacy or safety in patients with chronic cancer pain (Dudgeon et al. 2007) or non-malignant, non-neuropathic pain (Galer et al. 2005) . Further work is required to predict the effectiveness of NMDAR antagonists in altering MOR agonist tolerance in clinical pain patients.
